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Abstract The neural-crest-derived sympathoadrenal cell line-
age gives rise to sympathetic neurons and to endocrine chromaf-
fin cells of the adrenal medulla. Both cell types express a largely
overlapping set of genes, including those coding for the molec-
ular machinery related to the synthesis and exocytotic release of
catecholamines. During their early development, sympathetic
neurons and chromaffin cells rely on a shared transcription fac-
tor network that controls the establishment of these common
features. Despite many similarities, mature sympathetic neurons
and chromaffin cells significantly differ regarding their mor-
phology and function. Most prominently, sympathetic neurons
possess axons that are absent in mammalian adrenal chromaffin
cells. Themolecular mechanism underlying the divergent devel-
opment of sympathoadrenal cells into neuronal and endocrine
cells remains elusive. Mutational inactivation of the ribonucle-
ase dicer hints at the importance of microRNAs in this
diversification. We show here that miR-124 is detectable in de-
veloping sympathetic neurons but absent in chromaffin cell pre-
cursors. We further demonstrate that miR-124 promotes neurite
elongation when transfected into cultured chromaffin cells indi-
cating its capability to support the establishment of a neuronal
morphology in non-neuronal sympathoadrenal cells. Our results
also show that treatment of PC12 cells with the neurotrophin
nerve growth factor leads to an upregulation of miR-124 expres-
sion and that inhibition of miR-124 reduces nerve-growth-
factor-induced neurite outgrowth in PC12 cells. Thus, our data
indicate that miR-124 contributes to the establishment of specif-
ic neuronal features in developing sympathoadrenal cells.
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Introduction
MicroRNAs (miRNAs) are endogenous small non-coding
RNAs that play a pivotal role in post-transcriptional gene reg-
ulation, in particular gene silencing (McManus and Sharp
2002). They exert their function by binding to the 3’-untrans-
lated region of their target mRNAs and thus either induce
mRNA degradation (Guo et al. 2010; Hendrickson et al.
2009) or inhibit translation (Mathonnet et al. 2007;
Thermann and Hentze 2007). Results frommice carrying con-
ditional null mutations for dicer, an enzyme required for the
cleavage of pre-miRs into mature miRs (Bernstein et al.
2001), indicate the essential role of miRNAs in many cellular
processes (Cuellar et al. 2008; Davis et al. 2011; Harris et al.
2006; Harfe et al. 2005; Nagalakshmi et al. 2011).
MicroRNAs are believed to contribute to the specification
and differentiation of various cell types including neurons
(Åkerblom et al. 2012; Yu et al. 2008; Stappert et al. 2013).
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MiR-124 is a highly conserved microRNA preferentially
expressed in the nervous system. Several studies have sug-
gested that miR-124 plays a role in neurogenesis (Åkerblom
et al. 2012; Visvanathan et al. 2007) and neurite outgrowth
(Yu et al. 2008).
Sympathetic neurons and chromaffin cells are both de-
rived from common progenitors from the neural crest
(Shtukmaster et al. 2013) and share the capability to store,
synthesize and release catecholamines. Their common
molecular markers include, inter alia, the enzymes for
noradrenaline synthesis, namely tyrosine-hydroxylase
(TH) and dopamine-β-hydroxylase (DBH). However, as
endocrine and neuronal cells, they are distinct in their
morphology and function. Whereas sympathetic neurons
reach their peripheral targets via axons and release nor-
adrenaline as a neurotransmitter on varicosities, chromaf-
fin cells store adrenaline and noradrenaline in large vesi-
cles and release them upon stimulation into the blood
stream. Despite these differences, the precursors of both
cell types rely on a similar gene regulatory network that
governs their early development from neural crest cells
into catecholaminergic sympathoadrenal (SA) cells (for
reviews, see Huber et al. 2009; Huber 2015). This in-
cludes a shared set of pro-neural transcription factors
comprising, among others, Phox2/B, Mash1 and Hand2
(for reviews, see Huber 2006; Rohrer 2011). Given the
similarity between sympathetic neuron and chromaffin
cell precursors regarding their combinatorial transcription
factor code, their divergent development into neuronal
and endocrine cells remains enigmatic.
We have shown recently that the microRNA-producing
enzyme dicer plays an important role in the development of
both sympathetic neurons and chromaffin cells by affecting
their survival and contributing to the establishment of their
respective specific gene expression pattern (Stubbusch et al.
2013). In particular, dicer inactivation compromises transcript
accumulation for synaptic proteins in sympathetic neurons
and repression of neurofilaments in chromaffin cells, features
characteristic for neuronal and endocrine cells, respectively.
We show here that miRNA-124 is expressed by neuronal but
not by endocrine derivatives of the SA cell lineage and that
forced expression of miR-124 promotes neurite outgrowth
from cultured chromaffin cells indicating that the acquisition
of specific neuronal traits in SA cells is, at least in part, regu-
lated by miR-124.
Materials and methods
Animals
For histology and primary chromaffin cell cultures, pregnant
mice were killed by cervical dislocation and embryos were
removed. Embryonic age was determined by designating the
day of the vaginal plug as E0.5.
Histology
Embryos were rinsed in phosphate buffer (PB, pH 7.4)
and fixed in 4 % paraformaldehyde (PFA) in PB overnight
at 4 °C. Fixed embryos were rinsed three times in PB and
transferred to 30 % sucrose in PB overnight at 4 °C.
Tissues were frozen in Tissue-Tek O.C.T. Compound
(Sakura Finetek) and stored at −80 °C until further proc-
essed. In si tu hybridizat ion and preparat ion of
digoxigenin-labelled probes for mouse DBH (Tiveron
et al. 1996) and mouse steroidogenic factor 1 (SF-1; Gut
et al. 2005) were performed on 10-μm-thick cryosections
as described previously (Ernsberger et al. 1997). MiR-124
in situ hybridization was carried out on 10-μm-thick cryo-
sections as described previously (Stubbusch et al. 2013)
by using a 5′ digoxigenin-labelled RNA modified probe
for miR124 (88066–01 Exiqon, Vedbaek, Denmark) and
scrambled control (99004–01, Exiqon).
Primary chromaffin cell culture
Adrenals of E16.5 mouse embryos were dissected and
freed from the surrounding capsule. Tissues were collect-
ed in Mg2+- and Ca2+-free Hanks’ balanced solution
(CMF) and sequentially digested with 0.1 % collagenase
(Life Technologies, Darmstadt, Germany) for 30 min at
37 °C and 0.125 % trypsin (Life Technologies) for
10 min at 37 °C. The digestion was stopped with fetal
bovine serum (FBS) and tissue was triturated into
single-cell suspensions with narrow-bored fire-polished
Pasteur pipettes by using 2 ml CMF, 1 ml FBS and
10 μl DNase. After being washed, the cells were re-
suspended in 100 μl Nucleofector Solution (Lonza,
Base l , Swi t z e r l and ) a t r oom tempe ra tu r e and
electroporated with pCMV-MIR control vector (Origene,
Rockville, USA) or pCMV-MIR-124 (MI0000717,
Origene) by using an Amaxa Nucleofector according to
the manufacturer ’s instruct ions (program A33).
Subsequently, the cells were re-suspended in Dulbecco’s
modified eagle medium (DMEM, Life Technologies) con-
taining N1 supplements (N-6530, Sigma, Munich,
Germany) and seeded at a density of 5 × 104 cells/well
on poly-L-ornithine/laminin-coated glass coverslips (di-
ameter 8 mm) in 24-well culture plates. Cultures were
maintained in a humidified 5 % CO2/95 % air atmosphere
at 37 °C for 4 days in control medium or medium con-
taining 15 μM Rho-kinase inhibitor Y27632 (Sigma,
15 μM). Half of the medium was replaced with fresh
medium every 48 h.
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Immunocytochemistry
Cultured adrenal cells were fixed with 4 % PFA for
10 min at room temperature, washed 3 times for 5 min
in phosphate-buffered-saline (PBS) at room temperature
and pretreated with blocking agent (BA) consisting of
PBS containing 0.1% Triton X-100 and 1 % bovine serum
albumin. Subsequently, cells were incubated with sheep
anti-TH antibody (1:1000 in BA; AB1542, Millipore,
Schwalbach, Germany) and rabbit anti-green fluorescent
protein (anti-GFP; 1:200 in BA; AB290, Abcam,
Cambridge, UK) overnight at 4 °C. Coverslips were
washed three times with PBS for 5 min each and incubat-
ed with Alexa594-conjugated donkey anti-sheep antibody
(1:400; Dianova, Hamburg, Germany) and Alexa488-
conjugated donkey ant i - rabbi t ant ibody (1:400;
Dianova). Cells were rinsed with PBS three times for
5 min and mounted with Fluoro-Mount containing 4,6-
diamidino-2-phenylindole (Dianova).
Analysis of neurite length
The neurite length of chromaffin cells was analyzed by
using an Axioplan 2 (Zeiss, Göttingen, Germany)
equipped with an AxioCamHR (Zeiss). The average
neurite length was determined with NeuronJ by assessing
at least 70 randomly selected cells per group and experi-
ment (at least three independent experiments per group).
The two-tailed t-test was used for statistical evaluation. A
P-value less than 0.05 % (*) was considered as statistical-
ly significant.
PC12 cultures and quantitative polymerase chain reaction
PC12-cells were seeded at a density of 2.5 × 104 cells/
well on poly-L-ornithine/laminin-coated 6-well culture
plates and cultured in control medium (DMEM supple-
mented with 10 % FBS, 5 % horse serum and 1 % pen-
icillin/streptomycin) or medium containing 50 ng/ml
nerve growth factor (hNGF; R&D Systems, Wiesbaden,
Germany). After 6 h, 24 h and 6 days in culture, the cells
were harvested and RNA was extracted by using a
miRNeasy Minikit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. cDNA was synthesized
by reverse transcription (RT) with a miScript RT II kit
(Quiagen). Subsequently, real-time polymerase chain re-
action (PCR) was performed with a miScript SYBR green
PCR k i t (Q i a g e n ) a n d p r ime r s f o r m iR - 1 24
(MS00005593, Qiagen) and RNU6-2 (MS00033740,
Qiagen) according to the manufacturer’s instructions.
Relative miR-124 expression levels were determined by
the ddCT method by using RNU6-2 expression levels for
Fig. 1 In situ hybridization on
sections of an E16 mouse adrenal
gland with a probe for miR-124
(c) and a scrambled (src) control
probe (d). Steroidogenic factor 1
(sf-1) and dopamine-β-
hydroxylase (dbh) in situ
hybridization was carried out on
near adjacent sections to mark the
adrenal cortex and adrenal
chromaffin cells, respectively (a,
b). Note that miR-124 is
undetectable in the adrenal gland
but clearly present in the adjacent
suprarenal ganglion (srg). The
border of the adrenal gland is
demarcated by a dashed line. Bar
100 μm
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normalization. The two-tailed t-test was employed for sta-
tistical evaluation. A P-value less than 0.05 % (*) was
considered as statistically significant.
For the miR-124 inhibitor experiments, PC12 cells were
seeded on poly-L-ornithine/laminin-coated glass coverslips
(diameter 8 mm) in 24-well culture dishes and incubated in
culture medium containing 50 ng/ml hNGF in the presence of
miR-124 miRCURY LNA Power microRNA inhibitor
(Exiqon) or miRCURYLNA Power microRNA control inhib-
itor (Exiqon). After 3 days in culture, the cells were fixed and
TH immunostaining was performed as described above.
Subsequently, the percentage of cells carrying at least one
process whose length was at least 1.5 times the cellular diam-
eter was evaluated.
Results
MiR-124 is differentially expressed in neuronal
and endocrine SA derivatives
Ourmicro-RNA expression profiling studies of mouse adrenal
glands and sympathetic ganglia by quantitative PCR (qPCR)
have indicated that several microRNAs are expressed at dif-
ferential levels in these tissues (unpublished results). MiR-124
was present in sympathetic ganglia but was completely unde-
tectable in adrenal glands. In confirmation of the profiling
results, we have previously shown that miR-124 can be de-
tected by in situ hybridization in developing mouse sympa-
thetic ganglia at E16.5 (Stubbusch et al. 2013). Here, we
Fig. 2 MiR-124 and treatment
with the Rho-kinase inhibitor
Y27632 promote neurite
elongation in chromaffin cells (a–
f) after 4 days in culture.
Photomicrographs of chromaffin
cells electroporated with PCMV-
MIR-miR-124 (a–c) or PCMV-
MIR control vector (d–f).
Successfully electroporated
chromaffin cells were labelled
with antibodies against green
fluorescent protein (GFP; green in
a, d) and tyrosine-hydroxylase
(TH; red in b, e). Overlay (c, f).
Bar 50 μm. Quantitative analysis
of neurite length (g, h). Note that
treatment of miR-124-
electroporated chromaffin cells
with inhibitor did not result in a
further increase in neurite length
(h). Both mir-124 and Y27632 in
addition gave a slight non-
significant increase in the number
of cellular processes (i) and
branching points (j). At least 30
randomly selected cells per group
and experiment (n= 3) were
evaluated. Data are presented as
means ± SEM. **P< 0.01
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analyzed miR-124 expression in the E16.5 adrenal gland by in
situ hybridization. As shown in Fig. 1, neither chromaffin cells
of the adrenal medulla nor the adrenal cortex exhibit a signal
above background, whereas the adjacent sympathetic suprare-
nal ganglion is clearly positive. Faint in situ hybridization
signals for miR-124 could also be observed in early sympa-
thetic ganglia (E12.5-E14.5; not shown), suggesting that miR-
124 expression is initiated at early stages of sympathetic neu-
ron development. These findings corroborate the profiling
data and indicate miR-124 as a putative candidate that specif-
ically regulates neuronal differentiation in developing SA
cells.
MiR-124 enhances neurite elongation in cultured adrenal
chromaffin cells
To address the question as to whether miR-124 supports
the establishment of neuronal features in non-neuronal SA
cells, we employed E16.5 mouse adrenal gland dissocia-
tion cultures. Before plating, the cells were electroporated
with either miR-124-PCMV/GFP-constructs or control-
PCMV/GFP-constructs. Chromaffin cells that had been
successfully electroporated were identified by TH-/GFP-
double-immunostaining. After 1 day in culture, the TH/
GFP-positive cells had a rounded morphology and did not
extend any processes in either the control cultures or the
cultures electroporated with the miR-124 construct (not
shown). After 4 days in vitro, many TH/GFP-positive
cells had grown processes, even in control cultures.
However, the average length of these processes was
strongly enhanced in cultures electroporated with miR-
124-PCMV/GFP-constructs, indicating that miR-124 sup-
ports neurite elongation from cultured chromaffin cells
(Fig. 2). In miR-124 electroporated chromaffin cells, a
small non-significant increase in the average number of
cytoplasmatic processes and neuritic branching points per
cell could additionally be observed. The Rho-kinase
Rock1 is one of the direct targets of miR-124; this has
been linked to its effect on neurite outgrowth. As shown
in Fig. 2g, the addition of the Rho-kinase inhibitor
Y27632 to chromaffin cells that were electroporated with
control plasmid had an effect on neurite formation com-
parable with that of miR-124. The treatment of miR-124-
electroporated chromaffin cells with Y27632 did not pro-
mote a further increase of neurite elongation (Fig. 2h).
MiR-124 expression is upregulated in PC12 cells
upon NGF treatment
Developing chromaffin cells have the capability to under-
go neuron-like differentiation in response to extrinsic sig-
nals such as NGF (Unsicker et al. 1978; Ogawa et al.
1986). To test whether this is accompanied by the upreg-
ulation of miR-124, we employed PC12 cells, a
chromaffin-cell line derived from a pheochromocytoma
of the rat adrenal medulla (Greene and Tischler 1976).
We could not use primary chromaffin cell cultures for this
purpose because of the limited amount of RNA that could
be extracted from these cells. We treated PC12 cells with
NGF (50 ng/ml), which has been shown efficiently to
i n d u c e n e u r o n - l i k e f e a t u r e s i n PC 1 2 c e l l s
(Schimmelpfeng et al. 2004), for 6 h, 24 h and 6 days.
Fig. 3 Quantitative polymerase chain reaction (qPCR) analysis reveals
enhanced expression of miR-124 in PC12 cells treated with nerve growth
factor (NGF) for 6 h, 24 h and 6 days as compared with untreated cells.
Data are presented as means ± SEM (n = 5). **P< 0.05
Fig. 4 Percentage of PC12 cells exhibiting processes after 3 days in
culture in the presence of NGF (50 ng/ml) and a miR-124 inhibitor or a
control inhibitor. At least 100 cells per group and experiment (n= 3) were
evaluated. Data are presented as means ± SEM (n= 3). **P< 0.05
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RNA was extracted from the PC12 cells and qPCR was
performed. As shown in Fig. 3, NGF treatment signifi-
cantly increased miR-124 expression levels as compared
with that of untreated cells after 24 h. The miR-124 levels
remained elevated at least until 6 days after addition of
NGF. A small non-significant increase of miR-124 ex-
pression levels was observed even after 6 h of NGF treat-
ment, before obvious morphological changes could be ob-
served in PC12 cells.
Inhibition of miR-124 reduces NGF-induced neurite
outgrowth from PC-12 cells
We next addressed the question as to whether the induction of
neurite outgrowth, one of the major effects of NGF on PC12
cells, is mediated by miR-124. For this purpose, we cultured
PC12 cells in the presence of NGF and an miR-124
miRCURY LNA Power inhibitor or a control inhibitor.
Whereas virtually no neurite outgrowth was observed in
PC12 cells cultured without NGF, the majority of NGF-
treated PC12 cells exhibited processes after 3 days. The addi-
tion of a miR-124 inhibitor to the NGF-treated PC12 cells
resulted in a significant decrease of the percentage of PC12
cells carrying processes, as compared with the addition of a
control inhibitor but did not completely abolish neurite out-
growth from PC12 cells (Fig. 4).
Discussion
SA cells segregate into neuronal and endocrine cells and thus
provide an intriguing model for studying fundamental devel-
opmental mechanisms underlying the generation of these cell
types. Whereas sympathetic neurons and chromaffin cells
share the molecular pathways of catecholamine synthesis
and regulated release, their morphology and function are
overtly different. Despite these differences, the intrinsic mo-
lecular players that govern the early development of both cell
types are apparently similar (Huber 2006, 2015). Early intrin-
sic cues that promote neuronal versus endocrine differentia-
tion or vice versa have not been identified as yet.
We show here that miR-124 is present in developing sym-
pathetic neurons but absent in chromaffin cell progenitors of
the adrenal medulla in vivo and that it is capable of promoting
neurite elongation from cultured chromaffin cells. In addition,
we observed that neuron-like differentiation of PC12 cells
evoked by NGF is accompanied by the upregulation of miR-
124 and that inhibition of miR-124 reduces neurite outgrowth
from PC12. Taken together, these findings support the notion
that miR-124 is a key intrinsic cue that establishes neuronal
morphology in developing SA cells and thus contributes to the
diversification of SA cells.
microRNAs are believed to be involved in crucial steps of
cell specification and differentiation in various tissues. Their
Fig. 5 MiR-124 pathways that
possibly contribute to the
establishment of neuron-specific
properties in the neuronal
progeny of the sympathoadrenal
(SA) lineage. The precursors of
sympathetic neurons and
chromaffin cells share a virtually
identical set of transcription
factors (TFs), including Phox2B,
which is required for the
establishment of
catecholaminergic and neuronal
features (for a review, see Huber
2015). MiR-124 is only present in
the neuronal progeny of the SA
lineage and has been shown to
target SCP-1 (Visvanathan et al.
2007), an antagonist of neuronal
gene expression and to repress the
Rho-kinase Rock1 (Gu et al.
2014), leading to enhanced
neurite outgrowth (SCP-1 small
C-terminal domain phosphatase
1)
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ability to target multiple mRNAs allows them to orchestrate
networks of pathways; this is particularly important for the
execution of developmental programs within a short time
frame. Several miRNAs are known to be associated with the
nervous system, of which miR-124 is by far the most abun-
dantly expressed (Kosik 2009; Lagos-Quintana et al. 2002).
Although several studies have suggested important roles of
miR-124 in various aspects of neural development, including
neurogenesis, neuronal differentiation and neurite outgrowth
(Åkerblom et al. 2012, Cheng et al. 2009, Yu et al. 2008), its
physiological significance has remained controversial to date,
since others have doubted its essential function in neural de-
velopment (Cao et al. 2007). However, several direct miR-124
targets have been identified that possibly account for its puta-
tive role in neural development, including the small GTPase
Rho kinase Rock1. The repression of Rock1 by miR-124 has
been linked to its role in neurite elongation (Gu et al. 2014).
Our data show that the addition of a Rho-kinase inhibitor to
chromaffin cell cultures has a similar effect on neurite forma-
tion in chromaffin cells as does electroporation with miR-124.
The effects of miR-124 and Rho-kinase inhibitor appear not to
be additive, supporting the notion that miR-124 acts though
the repression of Rho-kinases in chromaffin cells.
Our data also suggest that NGF-induced neurite outgrowth
from PC12 cells is, at least in part, mediated by miR-124,
since miR-124 is upregulated by NGF and its inhibition re-
duces NGF-provoked neurite outgrowth. Apart from its effect
on neurite outgrowth, NGF has been shown to increase the
expression of neuron-specific genes such as neurofilament or
neuron-specific enolase in PC12 cells (Lee et al. 1982;
Vinores et al. 1981). AsmiR-124 directly targets and represses
the small C-terminal domain phosphatase 1 (SCP-1; Cheng
et al. 2009; Visvanathan et al. 2007), an antagonist of the
transcription of neuronal genes (Visvanathan et al. 2007), the
NGF-induced acquisition of neuronal markers in PC12 might
also, at least partially, bemediated bymiR-124. Another direct
target of miR-124 is polypyrimidine tract binding protein 1
(PTBP1), a repressor of neuron-specific alternative splicing.
Its downregulation by miR-124 leads to the inclusion of
neuron-specific exons into mature mRNA (Makeyev et al.
2007) and thus contributes to the establishment of a neuron-
specific gene expression pattern.
Previous studies have suggested that microRNAs play im-
portant roles in the development of SA cells. The loss of the
microRNA-processing enzyme dicer has been shown to se-
verely reduce the survival of sympathetic neuron precursors
(Huang et al. 2010; Zehir et al. 2010) and also partially to
affect the establishment of their typical neuronal gene expres-
sion pattern (Stubbusch et al. 2013). Notably, sympathetic
neurons of dicer-deficient mouse embryos exhibit reduced
expression levels of synaptic marker genes and thus become
more reminiscent of wildtype chromaffin cells in this respect.
In view of the distinct expression of miR-124 in neuronal SA
cells that we report here and of the putative role of miR-124 as
a regulator of neuron-specific gene expression (Makeyev et al.
2007; Visvanathan et al. 2007), the loss of miR-124 might
contribute to the altered gene expression pattern observed in
the sympathetic neurons of dicer-deficient mice. Thus, in SA
cells, miR-124 might function as an inducer of high expres-
sion levels of synaptic genes, in addition to its function in
promoting neurite outgrowth. Figure 5 illustrates the way that
miR-124 might contribute to the establishment of neuron-
specific features in the neuronal progeny of the SA lineage.
In summary, our data are consistent with the notion that
miR-124 is an intrinsic cue that supports the acquisition of
neuronal characteristics in neural-crest-derived cells. These
findings add to previous studies on the role of miR-124 in
neuronal development and further underpin the notion that
miR-124 is an important stimulus that promotes the acquisi-
tion of neuronal traits in the central and peripheral nervous
systems. In the future, specific in vivo gain and loss of func-
tion studies will be necessary to assess further the precise role
of miR-124 in the development of various types of neurons,
including those of the SA lineage.
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